INTRODUCTION
AGEING is associated with a generalized diminution in cerebral functional capacity. Although changes in cerebral functions are exacerbated by the presence of disease, they are evident even in elderly subjects carefully selected for relative freedom from disease (Birren, Butler, Greenhouse, Sokoloffand Yarrow, 1963) . Ageing in such subjects is accompanied by a general slowing of reaction times, particularly those associated with complex behavioural patterns (reviewed by Birren, Woods and Williams, 1979) . Levels of performance on tests of psychomotor functions and nonverbal intelligence are reduced Birren, Botwinick, Weiss and Morrison, 1963; Granick and Patterson, 1971) . Cerebral blood flow and oxygen consumption remain normal in normal elderly subjects (Dastur, Lane, Hansen, Kety, Butler, Perlin and Sokoloff, 1963) , but cerebral glucose consumption is reduced (Dastur et ai, 1963) , possibly due to increased blood levels of ketone bodies and their utilization in place of glucose by the brain (Gottstein, Held, Miiller and Berghoff, 1970; Sokoloff, 1975) . The frequency of the dominant alpha rhythm of the resting electroencephalogram is somewhat slowed (Obrist, 1963) , and stage 4 and REM sleep are reduced in duration (Feinberg, Koresko and Heller, 1967) . Histological examination of brains from normal aged individuals reveals a number of degenerative changes, that is, losses of neurons (Brody, 1955 (Brody, ,1970 Colon, 1972; Hall, Miller and Corsellis, 1975) , dendrites and dendritic spines (Scheibel, Lindsay, Tomiyasu and Scheibel, 1975, 1976) ; these changes have a predilection for certain brain regions. In view of the non-uniform distribution of the pathological changes and the specificity of some of the losses in performance, age-related changes in the functioning of the central nervous system might also be expected to exhibit regional selectivity.
The present studies were carried out in normal albino rats. Normal ageing in the rat is also accompanied by behavioural modifications as well as histopathological changes in the brain (Feldman, 1976; Geinisman, Bondareff and Dodge, 1978; Ordy, Brizzee, Kaack and Hansche, 1978; Vaughan, 1977) . The rat has the distinct advantage of being relatively free of atherosclerosis (Fox, 1933) , which eliminates the confounding secondary effects of vascular pathology.
In these studies we have applied the deoxyglucose method (Sokoloff, Reivich, Kennedy, Des Rosiers, Pa flak, Pettigrew, Sakurada and Shinohara, 1977) to investigate the effects of ageing on local cerebral glucose utilization. Inasmuch as local glucose utilization has been found to be closely coupled with local functional activity (Sokoloff, 1977) , the purpose of these studies was not only to examine the distribution of the changes in local cerebral energy metabolism but also to identify specific regions in the brain with altered functional activity in association with ageing.
METHODS

Animals
Normal male Sprague-Dawley albino rats of three different age ranges were studied. Studies were completed in 5 young adult rats, aged 4 to 6 months, obtained from Taconic Farms (Germantown NY), 7 middle-aged rats, 14 to 16 months old, and 6 aged rats, 3 at 26 and 3 at 36 months of age, obtained from Charles River Breeding Laboratories (Wilmington MA). The animals were maintained on Purina Laboratory Chow and water ad libitum until fourteen hours prior to the study, at which time they were deprived of food.
Determination of Regional Cerebral Glucose Consumption
Rates of local cerebral glucose consumption were determined by means of the autoradiographic [
14 C]deoxyglucose method. A detailed description of the theory and procedure of this method has been published (Sokoloff et al., 1977) . Briefly, the method is based on the use of 2-deoxy-D-[l-
14 C]glucose as a tracer to measure glucose utilization. This analogue competes with glucose for transport across the blood-brain barrier and for phosphorylation by hexokinase in the brain tissue. Once phosphorylated, however, it remains trapped in the cells for the duration of the procedure. By analysis of the kinetics of the exchange of deoxyglucose and glucose between plasma and brain tissue and their phosphorylation by brain hexokinase, an operational equation has been derived which permits the calculation of local rates of glucose utilization from the time courses of the [ 14 C]deoxyglucose and glucose concentrations in arterial plasma and the local 14 C concentrations in the tissues at the time of killing, which are measured by a quantitative autoradiographic technique (Sokoloff et al., 1977) .
The animals were prepared for the experiment by the insertion under light halothane anaesthesia of polyethylene catheters into one femoral vein and artery. The rat's hindquarters were then restrained by the application of a loose-fitting plaster cast which was taped to a lead brick. After a period of four to five hours for recovery from the effects of anaesthesia, rates of local cerebral glucose utilization were determined under normal ambient laboratory conditions of sound and light. The procedure was initiated by the administration of an intravenous pulse of 2-deoxy-D- [l- 14 C]glucose (125 ^Ci/kg body weight). Timed arterial blood samples were then collected during the following forty-five minutes for the determination of plasma concentrations of glucose and [
14 C]deoxyglucose. At the end of the fortyfive-minute period the rats were killed by an intravenous injection of sodium pentobarbital, and the brains were removed and frozen in isopentane cooled to -40° C with dry ice. The brains were cut into sections, 20 /zm in thickness, in a cryostat maintained at -22° C, and the sections were dried and autoradiographed as previously described (Sokoloff et ai, 1977) . Optical densities of regions of the autoradiographs corresponding to selected cerebral structures were measured with a Photoscan System P-1000 densitometer (Optronics Internationa], Inc., Chelmsford MA). These optical densities were used to determine the local tissue concentrations of M C by comparison with the optical densities obtained with calibrated 14 C-labelled methylmethacrylate standards. From the time courses of the concentrations of [
14 C]deoxyglucose and glucose in the plasma and the local tissue concentrations of 14 C, local rates of glucose consumption were calculated by means of the operational equation of the method (Sokoloff et ai, 1977) . Calculations were carried out with a PDP 11/34 computer (Digital Equipment Corp., Maynard MA). The autoradiographs were transformed into quantitative colourcoded maps of the distribution of the local rates of glucose utilization by means of a recently developed image-processing system designed for the analysis of autoradiographs and data obtained with the [ 14 C]deoxyglucose method (Goochee, Rasband and Sokoloff, 1980) .
Physiological Measurements
The physiological state of the animals at the time of the study was assessed by monitoring a number of variables. Rectal temperature was measured with a YSI Model No. 73 Tele-Thermometer (Yellow Springs Instrument Co., Yellow Springs OH). Mean arterial blood pressure was measured by means of an air-damped mercury manometer attached to the femoral arterial catheter. Haematocrit was determined from arterial blood samples collected in capillary tubes and centrifuged in a Beckman Microfuge B (Beckman Instruments, Fullerton CA). Arterial blood pH, pCO 2 and pO 2 were measured in an ILS Model No. 213 Blood Gas Analyzer (Instrumentation Laboratory, Inc., Lexington MA).
Statistical Analyses
Comparisons of data obtained in the three groups were analysed for statistical significance by Bonferroni t tests for multiple comparisons (Miller, 1966) .
RESULTS
Survival
The middle-aged and aged groups of rats used in the studies were derived from a population of retired breeders segregated specifically for ageing research at the age of 11 months. At the ages of 15, 26 and 36 months the survival rates of the populations were about 100, 70 and 50 percent, respectively (Dr Puczak, Corporate Director, Veterinary Services, Charles River Breeding Laboratories, personal communication). Of a total of 17 animals obtained from the Charles River Laboratories one of the 26-month-old rats died, and one each of the 15-, 26-and 36-month-old animals was excluded from the study because of severe hypotension during the experimental procedure. Thus, the 15-, 26-and 36-month-old rats included in this study represent approximately 88, 42 and 38 per cent, respectively, of the original rat population. Because of the losses of animals and consequent small numbers in the 26-and 36-month-old age groups, these groups were combined into a single 'aged' group to facilitate statistical analyses of the data. There were no significant differences between the local rates of glucose utilization in these two groups, except in the parietal cortex where the values for the 26-and 36-month-old rats were 98 ±3 and 86 ±2 (mean ±SEM, P < 0.05) /unol glucose/100 g/min, respectively. In the supragranular zone of the dentate gyrus and the caudateputamen the difference between the mean values of the two aged-groups approached statistical significance (0.1 > P > 0.05); as in the parietal cortex the mean values in these regions were 12 to 20 per cent lower in the 36-month-old rats than in the 26-month-old rats. Arterial plasma glucose (mg %) § The values are the means ± standard errors obtained in the number of animals indicated in parentheses. * Significantly different from young adult rats; P < 0.05. ** Significantly different from young adult rats; P < 0.01.
Physiological Status
There were no apparent significant differences in the physiological status of the three groups of animals (Table 1) . Only body weight exhibited an age-related change; body weight was increased in the middle-aged and aged rats in comparison with the young adult group.
Average Rates of Glucose Utilization in Brain as a Whole
The mean rates of glucose utilization for the brain as a whole were calculated from the local values of all the brain structures weighted for their volumes. In comparison with the young adult rats, average brain glucose utilization in both the middle-aged and aged animals was significantly reduced by 21 and 17 per cent, respectively (Table 2) . Young adult (4) 77 ± 2 Middle-aged (7) 61 ±2** Aged (6) 64 ±4* § The values are the means + standard errors obtained in the number of animals indicated in parentheses. * Significantly different from young adult rats; P < 0.05. ** Significantly different from young adult rats; P < 0.01.
Local Rates of Cerebral Glucose Utilization
Local rates of glucose utilization were determined in 47 cerebral structures. For the purpose of presentation these structures have been grouped according to the functional systems with which they are presumed to be associated.
Rates of glucose utilization were determined in two regions of brain that may be involved with associative or integrative functions, for example, the frontal and parietal cortex (Table 3) . No statistically significant effects of age were found in the frontal cortex, but in the parietal cortex the rates of glucose consumption were significantly lower (by about 25 per cent) in both the middle-aged and aged rats in comparison with the young adults. In the limbic system (Table 4 ) the only significant age-associated reduction was found in the supragranular zone of the dentate gyrus. In nearly all the structures of the visual (Table 5 ) and auditory systems (Table 6 ) the values in both the middle-aged and aged rats were 15 to 30 per cent lower than those in the young adult animals. In the olfactory (Table 6 ) and somatosensory systems (Table 7) age-related differences were not so widespread, and fewer structures exhibited statistically significant changes. There were also significant agerelated decreases in glucose metabolism in most of the myelinated fibre tracts that were examined (Table 8) .
Some of the results presented in Tables 3-8 are best illustrated in quantitative colour-coded transformations of the autoradiographs. Fig. 1 contains such transformed autoradiographs of sections of brain at four different levels obtained from rats representative of each age group. The colour bar on the right provides the calibration scale for the values of glucose utilization in /miol/100 g brain/min represented by each colour. Identification of some of the structures visualized in the autoradiographs is facilitated by the diagrammatic representations of the autoradiographs obtained in young adult rats ( fig. 2) . These colour-coded maps provide a detailed view of the localized effects of ageing beyond those practically described in tabular form. For example, at all four levels illustrated, and especially at the level of Colour-coded quantitative transformations of autoradiographs from rats representative of three age groups at four different levels in the brain. The age groups represented arc from left to right: young adult (4 to 6 months), middle-aged (14 to 16 months) and aged (26 to 36 months). The sections from top to bottom were taken at the level of the head of the caudate-putamen, the thalamus, the medial geniculate body and the superior colliculus. Specific structures arejdentifled in the-diaRrammat4C-repfesentations-shown-m-fig^2r^The~colour'barõ n the right provides the calibration scale for the range of values of glucose utilization in /zmol/100 g/min for each colour. fig. 1 . A, diagrammatic representation at the level of the head of the caudate-putamen. B, diagrammatic representation at the level of the thalamus. c, diagrammatic representation at the level of the medial geniculate body, D, diagrammatic representation at the level of the superior colliculus. Aged 05) 106±6 § The values are the means ± the standard error obtained in the number of animals indicated in parentheses. * Significantly different from young^adultxats;/' < 0.05. ** Significantly different from young adult rats; P < 0.01. the parietal cortex, it can be seen that cortical layer IV is strikingly reduced with respect to both extent and rate of glucose consumption in the two older groups of rats. Furthermore, the entire cortex appears to be somewhat thinner in the aged animals than in the young adult and middle-aged rats. At the level of the medial geniculate body the superficial layer of the superior colliculus is clearly evident in the section from the young adult rat, whereas in the sections from the older animals it is not discernible. 88 + 3* 56±2f 58±3 § The values are the means ± standard errors obtained in the number of animals indicated in parentheses. * Significantly different from young adult rats; P < 0.05. ** Significantly different from young adult rats; P < 0.01. t Significantly different from middle-aged rats; P < 0.05.
DISCUSSION
The results of these studies demonstrate that in the resting conscious rat ageing per se is associated with decreases in glucose utilization in specific regions of the brain. The changes are clearly selective and have a predilection for certain neural systems. The local rates of cerebral glucose utilization do not appear to change progressively with age. In general, the decreases were already observed in the rats 14 to 16 months of age with no further change in those 26 to 36 months of age. It is likely that this apparent lack of progression is a reflection of the influence of a survival effect (Schaie, 1977) , a common sampling artefact in cross-sectional studies of ageing. The 26-to 36-month-old rats included in this study represent a population of only 40 per cent that survived from the original rat population; they may have, therefore, represented a selected sample of survivors that aged at a slower rate. 18±1 32±2**f § The values are the means ± standard errors obtained in the number of animals indicated in parentheses. * Significantly different from young adult rats; P < 0.05. ** Significantly different from young adult rats; P < 0.01. t Significantly different from middle-aged rats; P < 0.05.
In this study in which the rats were maintained under ambient laboratory conditions of light and sound the brain structures that are selectively affected with ageing include those associated with vision and audition. The entire visual system (Table 5) is particularly severely affected. These changes may reflect an age-related primary retinal degeneration which has been demonstrated in both Fisher 344 (Lai, Jacoby and Jones, 1978) and Sprague-Dawley rats (Schardein, Lucas and Fitzgerald, 1975) . It has been shown that in the albino rat, in which the visual system is 80 to 85 per cent crossed at the optic chiasma, unilateral enucleation results in marked reductions in glucose consumption in all the components of the visual system on the contralateral side (Kennedy, Des Rosiers, Jehle, Reivich, Sharpe and Sokoloff, 1975) . The auditory system is also affected in the aged animals (Table 6) although the changes are not so pronounced as those in the visual system. Auditory deprivation in the Sprague-Dawley rat due to either occlusion of the external auditory canals with wax or otitis media has been shown to result in marked (35 to 60 per cent) reductions in glucose consumption in the brain structures associated with audition (Sokoloff, 1977) . Although no data are available concerning degenerative changes in the cochlea of aged rats, such changes occur in man with senescence in association with a loss of hearing (Corso, 1977) . Losses of pyramidal cell dendritic spines, which have been demonstrated in both the visual (Feldman, 1976) and auditory (Vaughan, 1977) cortices as a function of age, may also result from a partial functional deafferentation.
In the sensorimotor systems (Table 7 ) the most noteworthy changes occur in the extrapyramidal systern, inferior olivary nucleus^ and in the gracile and cuneate nuclei. The cuneate and gracile nuclei were examined for changes in glucose utilization because it has been reported that axonal dystrophy is prevalent in these nuclei (Fujisawa and Shiraki, 1978) , which are two of the major sensory relay nuclei and contain the nerve-endings from some of the longest axons in the central nervous system. In the gracile nucleus of the rat, axonal dystrophy begins by 7 months of age and reaches a plateau at 10 months (Fujisawa and Shiraki, 1978) . Our findings of a 20 per cent reduction in glucose consumption in these nuclei are consistent with these neuropathological changes. The extrapyramidal motor system is also a prominent site of change with senescence. Signs of parkinsonism are common in normal aged human subjects (Beasley and Ford, 1976) , and movement disorders which can be reversed by dopamine agonists have been observed in aged rats (Marshall and Berrios, 1979) . Changes with age in dopamine turnover (Finch, 1973) , the number of dopamine receptors (Makman, Ann, Thai, Sharpless, Dvorkin, Horowitz and Rosenfeld, 1979) , and the dopamine sensitivity of adenylate cyclase (Govoni, Loddo, Spano and Trabuchi, 1977; Puri and Volicer, 1977) in the striatum of mice, rabbits and rats, respectively, are well documented. The decreased rate of glucose consumption in the inferior olivary nucleus found in the older groups of animals may also be related to dopaminergjc innervation of this nucleus. The effects of apomorphine, a dopamine agonist, on glucose utilization are presently being examined, in order to ascertain whether structures with dopaminergic innervation, such as the caudate-putamen and the inferior olivary nuclei, can be metabolically activated by dopamine agonists in aged animals. The preliminary results suggest that there is indeed a reduced sensitivity to apomorphine in some selected structures with ageing.
The limbic system, particularly the hippocampus, was examined in detail because it has been implicated in learning and memory in human subjects (Milner, 1959) and, perhaps, also in rodents (Weizkrantz and Warrington, 1975) . In the human brain the hippocampus is the site of many age-related histopathological changes, such as senile plaques, neurofibrillary tangles, and granulovacuolar degeneration (Corsellis, 1962; Tomlinson, Blessed and Roth, 1968) , and the extent of these changes in demented old people can be correlated with the extent of the memory deficit in the subject (Blessed, Tomlinson and Roth, 1968) . Although these particular neuropathological changes do not occur in the rat (Dayan, 1971) , decreases in the number of synapses have been found in aged rats (Geinisman, Bondareff and Dodge, 1977; . In the present study the rate of glucose utilization throughout the limbic system appeared to remain quite normal with age. The only significant decrease was found in the supragranular zone of the dentate gyrus of the middle-aged group; it is in this specific area that Geinisman et al. (1977; found losses of synaptic terminals and dendrites in rats.
The finding of a significant decrease in glucose utilization in the parietal cortex (Table 3 ) of the aged animals may be one of the most interesting results of this study. In the rat this cortical region (area 7) is one of the few known associative areas in the cortex (Krieg, 1946) . The decreased glucose utilization in this area may reflect decreased sensory input.
The local rates of glucose utilization in the brain have been shown to be closely correlated with local functional activity (Sokoloff, 1977) . Decreased glucose utilization may reflect decreased functional activity as well as degenerative or pathological changes in the region affected. Some of the changes in glucose utilization observed in the older rats may have been due to either reduced functional activity, pathological damage, or both. When the decreases in glucose utilization are observed in nearly all the structures of a pathway, as, for example, in the auditory and visual systems, then it is likely that there is decreased functional activity in the system, perhaps due to reduced input into the pathway. Decreases in glucose utilization in single structures of a pathway may be indicative of pathological changes within the structures themselves.
SUMMARY
The effects of ageing on local rates of glucose utilization in 47 brain structures in resting conscious rats have been examined. Three age groups have been studied: young adult (4 to 6 months), middle-aged (14 to 16 months), and aged (26 to 36 months). The results show that ageing per se is associated with decreases in rates of glucose utilization in specific brain regions. The decreases were not progressive with age, probably because of the influence of a survival effect. Age-related pathological changes are known to occur in some of the brain structures in which decreases in rates of glucose utilization were found. Selective decreases were also found in the caudate-putamen, the parietal cortex and in structures associated with vision and audition. In these latter structures the changes may reflect reductions in local functional activity, perhaps due to decreased sensory input from the primary sensory organs.
